Background. The biggest challenge in human immunodeficiency virus type 1 (HIV-1) prevention in Africa is the high HIV-1 burden in young women. In macaques, proinflammatory cytokine production in the genital tract is necessary for target cell recruitment and establishment of simian immunodeficiency virus (SIV) infection following vaginal inoculation. The purpose of this study was to assess if genital inflammation during early HIV-1 infection predisposes women to rapid disease progression.
Methods. Inflammatory cytokine concentrations were measured in cervicovaginal lavage (CVL) from 49 women 6, 17, 30, and 55 weeks after HIV-1 infection and from 22 of these women before infection. Associations between genital inflammation and viral load set point and blood CD4 cell counts 12 months after infection were investigated.
Results. Elevated genital cytokine concentrations 6 and 17 weeks after HIV-1 infection were associated with higher viral load set points and, to a lesser extent, with CD4 depletion. CVL cytokine concentrations during early infection did not differ relative to preinfection but were elevated in women who had vaginal discharge, detectable HIV-1 RNA in their genital tracts, and lower blood CD4 counts.
Conclusion. Genital inflammation during early HIV-1 infection was associated with higher viral load set point and CD4 depletion, which are markers of rapid disease progression. Strategies aimed at reducing genital inflammation during early HIV-1 infection may slow disease progression.
In sub-Saharan Africa, which has the highest prevalence of human immunodeficiency virus type 1 (HIV-1) worldwide, most new infections occur by sexual transmission to women [1] . The genital mucosa is the initial site of viral replication following vaginal transmission of HIV-1 in women and simian immunodeficiency virus (SIV) in rhesus macaques [2, 3] . In macaques, vaginal inoculation with SIV is followed by proinflammatory cytokine production and recruitment of CD4 1 T cells that are necessary for local viral expansion and dissemination to the systemic compartment [4] [5] [6] . Proinflammatory cytokine expression in the genital mucosa correlates with viral replication and approaches baseline as peak SIV viremia declines [6] . HIV-1 infection may likewise be accompanied by an early inflammatory cascade in the genital tract that is associated with viral replication in this compartment. HIV-1 has been shown to directly induce inflammatory cytokine production via Toll-like receptor 7 and 8 activation [7] . Elevated concentrations of inflammatory cytokines in turn may upregulate HIV-1 replication by recruiting and activating target cells and through NF-jB activation [4, [8] [9] [10] [11] .
Several studies have shown that cervicovaginal proinflammatory cytokines are upregulated in women with early or chronic HIV-1 infection compared with HIV-uninfected women [10, [12] [13] [14] [15] [16] . However this upregulation may be attributed to the high frequency of sexually transmitted infections (STIs) or bacterial vaginosis (BV) in these individuals rather than HIV-1 itself [17] . For example, BV was associated with increased concentrations of proinflammatory interleukin (IL)-1b, whereas chronic HIV-1 infection was not [18] . HIV-1 shedding, which is associated with STIs [19] , may induce further inflammatory cytokine production.
Plasma cytokine concentrations during early HIV-1 infection are predictive of plasma viral load set points and CD4 depletion [20] , and treatment with cytokines such as IL-12p70 and IL-15 during acute SIV infection is associated with altered disease course in macaques [21] [22] [23] . Several studies have suggested that cytokine responses in the genital tract during the early stages of HIV-1 infection may likewise be associated with disease progression. In macaques, induction of inflammatory cytokines and immune cell influx into the genital tract prior to vaginal SIV inoculation was associated with increased plasma viral load set points [24] . This suggests that preexisting genital inflammation in humans may similarly influence HIV-1 disease progression. Zara et al [14] demonstrated that upregulation of IL-1b in the genital tracts of HIV-1-infected women was associated with increased plasma viral loads. Recently, we reported that elevated proinflammatory cytokines in cervicovaginal lavage (CVL) correlated with lower blood CD4 1 T-cell counts during early HIV-1 infection [15] . In this study, the relationships between genital cytokine concentrations during early HIV-1 infection and plasma viral load set point and blood CD4 1 T-cell counts 12 months postinfection were investigated.
MATERIALS AND METHODS

Study Participants
Forty-nine South African women recently infected with HIV-1 subtype C were recruited as part of the CAPRISA Acute Infection Study [25] . Each woman provided informed consent and then attended regular evaluations of HIV-1 disease status. Time of infection was defined as the midpoint between the last HIV-1 antibody negative test result and the first HIV-1 antibody positive test result, or as 14 days prior to a positive RNA polymerase chain reaction (PCR) assay on the same day as a negative HIV-1 enzyme immunoassay. This study was approved by the University of Kwazulu-Natal and University of Cape Town ethics committees.
Cytokine Measurements
CVL samples were collected, as described elsewhere [15] , at 5 time points: 22 women were assessed preinfection (36 weeks preinfection, range, 2-92), 39 were assessed 6 weeks postinfection (range, 1-13), 32 were assessed at 17 weeks postinfection (range, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] were used for unmatched and matched comparisons, respectively. Spearman rank test was used for correlations. The relationships between cytokine concentrations and markers of disease progression were evaluated using multivariate linear regression. Variables were log-transformed, and cytokines were standardized to allow for direct comparison of b-coefficients. Mixed-effects logistic regression was used to assess the change in HIV-1 shedding over time. P values ,.05 were considered significant. P values were adjusted using false discovery rate step-down procedure in order to reduce false-positive results when multiple comparisons were made [27] .
RESULTS
Forty-nine women recently infected with HIV-1 were recruited and followed longitudinally. Their median age was 24 years (range, 18-59). Most women (98%) were unmarried, 20% had multiple partners, and 32% reported using injectable hormonal contraceptives. The median CD4 1 T-cell count and viral load measurements at 6 weeks postinfection were 524 cells/lL and 56 500 copies/mL, respectively ( Table 1 ). The median CD4
1 T-cell loss during the first 12 months of HIV-1 infection was 486 cells/lL, while the median set-point viral load was 39 783 copies/mL. STIs and BV were prevalent in this cohort, both pre-and post HIV-1 infection.
Cytokine Concentrations in the Genital Tract of Women Recently Infected With HIV-1 Were Not Significantly Elevated Compared With Preinfection
The concentrations of 22 cytokines in CVL from women prior to HIV-1 infection (median, 36 weeks preinfection) were compared with those of the same women during early HIV-1 infection (median, 6 weeks postinfection) for whom samples at both time points were available (n 5 18). In matched samples, TNF-a and eotaxin concentrations were higher in CVLs from early HIV-1 infection compared with preinfection, whereas MIP-3a concentrations were lower (P , .05; Figure 1A ). However, these changes were not significant after adjustment for multiple comparisons. Furthermore, in an unmatched analysis including all women who had either preinfection samples (n 5 22) or 6-week postinfection samples available (n 5 39), only MIP-3a concentrations were lower in postinfection CVLs, before adjusting for multiple comparisons. These data indicate that, in contrast to previous reports that have compared genital cytokine concentrations in HIV-1 infected women to unmatched HIV-uninfected women [10, [12] [13] [14] [15] [16] , the women in this study did not have significantly altered CVL cytokine concentrations during early HIV-1 infection relative to preinfection samples from women who later became infected with HIV-1. Interestingly, the concentrations of 7 of 22 cytokines measured in CVLs correlated between pre-and post HIV-1 infection ( Figure 1B ). MIP-1a and sCD40L remained significantly correlated after adjusting for multiple comparisons. Following evaluation of cytokine concentrations in longitudinal samples (17, 30 , and 55 weeks postinfection), it was found that 11 of 20 cytokines correlated between at least 3 of the 5 time points. After adjusting for multiple comparisons, IL-1a, IL-b, IL-6, IL-8, MIP-1a, G-CSF, and GM-CSF were significantly correlated across $3 time points. These findings suggest that the relative degrees of cervicovaginal inflammation in individual women remained relatively constant during the study period. Figure 3) . CVL viral loads did not correlate between time points, indicating that different women were shedding HIV-1 at different times. Cytokine concentrations in CVL correlated with CVL viral loads at all time points, and women who had detectable HIV-1 RNA in their genital tracts had higher cytokine concentrations than did women who were not shedding HIV-1 ( Table 2) . Preinfection cytokine concentrations did not differ between women who were shedding and women who were not shedding HIV-1 6 weeks postinfection. Additionally, lower blood CD4 counts and/or higher plasma viral loads were associated with CVL viral loads at each time point. Changes in cytokine concentrations that were significant before adjusting for multiple comparisons and are indicated by gray bars (P , .05). B, Spearman correlations between cytokine concentrations measured in pre-and postinfection CVL. MIP-1b was no longer correlated between time points following exclusion of outliers. Gray dots indicate cytokines that correlated significantly before adjusting for multiple comparisons (P , .05). Black dots indicate cytokines that remained significantly correlated after adjustment (P , .0023). G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage-colony stimulating factor; IFN, interferon; IL, interleukin; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein; sCD40L, soluble CD40 ligand; TNF, tumor necrosis factor. 
-Cell Counts
We have previously reported that cervicovaginal IL-1b, IL-6, and IL-8 concentrations during early HIV-1 infection were associated with lower blood CD4 1 T-cell counts at these early time points [15] . In this study, it was similarly found that higher concentrations of IL-6 (q 5 20.455, adjusted P 5 .030), TNF-a (q 5 20.498, adjusted P 5 .017), RANTES (q 5 20.460, adjusted P 5 .026), and IL-10 (q 5 20.503, adjusted P 5 .027) in CVL correlated with lower blood CD4 counts during early HIV-1 infection. Only weak associations between 17-, 30-, and 55-week cytokine concentrations and concurrent CD4 cell counts were found, and these were not significant after adjusting for multiple comparisons, indicating that the relationship was restricted to early HIV-1 infection. Despite finding a significant correlation between (1) plasma viral load and HIV-1 shedding and (2) genital inflammation and HIV-1 shedding, few associations were found between genital cytokine concentrations and plasma viral loads measured at the same time points. This suggests that changes in inflammatory cytokine production in the genital tract during early HIV-1 infection are largely independent of systemic viral load.
Cervicovaginal Inflammation During Early HIV-1 Infection Was Associated With CD4 1 T-Cell Depletion During the First Year of Infection
To determine whether genital cytokine concentrations during HIV-1 infection were associated with disease progression, associations between cytokines and (1) average blood CD4 counts measured at 3 consecutive visits overlying 12 months postinfection and (2) CD4 loss between preinfection and 12 months postinfection were investigated. Although higher concentrations of several cytokines at multiple time points were associated with lower CD4 counts 12 months postinfection before adjusting for multiple comparisons, only GM-CSF concentrations 6 weeks postinfection remained significantly associated after adjustment ( Figure 4A CI, -.12 to -.02], respectively). HIV-1 disease status could predispose individuals to higher incidence of STIs and genital shedding of HIV-1 [30, 31] , thereby exacerbating genital inflammation, which would therefore be indirectly rather than directly associated with disease progression. Multivariate regression was thus used to adjust for CD4 counts and viral loads measured at the same time points as cytokine concentrations. Again, there was a strong trend toward an association between higher cytokine concentrations and lower 12-month CD4 counts.
Finally, associations between preinfection (n 5 22) and 6-week postinfection (n 5 18) cytokine levels and blood CD4 1 T-cell loss during the first 12 months of HIV-1 infection were investigated in a subset of women for whom preinfection CD4 count measurements were available. CD4 depletion during the first year of infection was associated with higher preinfection cervicovaginal concentrations of RANTES (q 5 0.46, P 5 .03) and 6-week postinfection concentrations of IL-1b (q 5 0.53, P 5 .02) and GM-CSF (q 5 0.62, P 5 .006). However, these associations were not upheld after adjusting for multiple comparisons, which may be due to the relatively small sample sizes available for this analysis.
Genital Inflammation During Early HIV-1 Infection Was Associated With Higher Viral Load Set Point
It was found that the concentrations of several inflammatory and T-cell homeostatic cytokines in CVL during early HIV-1 infection (6 and 17 weeks postinfection) were associated with higher plasma viral load set point ( Figure 4B ), even though these cytokines did not correlate with viral loads measured at the same time points as cytokine measurements. No associations between cytokine concentrations at later time points postinfection (30 and 55 weeks postinfection) and viral load set point were significant after adjusting for multiple comparisons. Additionally, although cytokine concentrations did not differ between preinfection and early infection time points, no significant associations between preinfection cytokine concentrations and viral load set point were found. Elevated GM-CSF, IL-1b, IL-12p70, and IL-15 concentrations at 6 weeks postinfection and GM-CSF, IL-1b, IL-10, IL-6, RANTES, MIP1b, and IL-2 concentrations 17 weeks postinfection were associated with higher viral load set point. Following adjustment for CD4 counts and viral loads measured at the same time points as cytokine measurements, elevated GM-CSF concentrations 6 weeks postinfection remained significantly associated with higher viral load set point. This suggests that the relationship between this inflammatory cytokine and disease progression is at least partly independent of early infection systemic disease state.
DISCUSSION
Previous studies have shown that women with early and chronic HIV-1 infection have elevated genital inflammatory cytokine concentrations relative to unmatched HIV-uninfected women [10, [12] [13] [14] [15] [16] . This study is the first to compare cytokine concentrations in cervicovaginal samples from the same women preinfection and during early HIV-1 infection. It was found that inflammatory cytokine levels preinfection were correlated with those postinfection and in fact were not significantly elevated shortly following HIV-1 infection (6 weeks postinfection). However, genital cytokine concentrations were higher in women who had vaginal discharge and in women who were shedding HIV-1 in their genital secretions. In addition, cytokine concentrations were elevated in women who had lower blood 
CD4
1 T-cell counts 6 weeks postinfection [15] . Elevated cervicovaginal cytokines during early HIV-1 infection (6 and 17 weeks postinfection) were associated with higher plasma viral load set point, which is predictive of time to AIDS [26] . Additionally, higher GM-CSF concentrations 6 weeks postinfection were associated with lower CD4 counts 12 months postinfection. When genital cytokine concentrations were compared in the same women preinfection and at several time points during the first year of HIV-1 infection, some women maintained higher levels of genital inflammation over time, while others had consistently low cytokine concentrations. STI prevalence did not differ between pre-and post HIV-1 infection; thus, the cause of sustained inflammation may be STI recurrence. Mitchell et al [18] demonstrated that genital inflammatory cytokines were not elevated in chronically HIV-1 infected women relative to uninfected women but rather were associated with BV. The higher frequency of STIs in HIV-1 infected women compared with uninfected women [17] may account for previous findings that genital inflammatory cytokines are higher in women with early HIV-1 infection. It is possible that elevated genital inflammatory cytokine responses, similar to those reported shortly after SIV infection of macaques [6] , may have subsided by 6 weeks postinfection. Alternatively, cervicovaginal inflammatory cytokine concentrations may increase over time during HIV-1 infection and may thus be higher in chronically infected women relative to those with early infection [12] .
Genital HIV-1 RNA concentrations correlated not only with higher levels of genital inflammation but also with lower blood CD4 counts and higher plasma viral loads at the same time points. Although these findings may suggest that high systemic viral loads drive HIV-1 shedding, which in turn induces genital inflammation, which is thus indirectly associated with disease progression, shedding during early HIV-1 infection was not associated with 12-month CD4 counts or viral load set point. Additionally, genital inflammation during early HIV-1 infection was only weakly associated with concurrent plasma viral load before adjusting for multiple comparisons but was strongly associated with plasma viral loads at subsequent time points. It was also found that, although CVL cytokine levels Figure 4 . Linear regression was used to assess relationships between cytokine concentrations in cervicovaginal lavage (CVL) from women 6 weeks (n 5 37) and 17 (n 5 31) weeks postinfection and average blood CD4 counts of 3 consecutive visits overlying the 12-month postinfection time point (A ) and viral load set points (B ). Viral loads, CD4 counts, and cytokine concentrations were log-transformed, and cytokine concentrations were standardized to allow for direct comparison between b-coefficients. b-Coefficients that were generated by univariate regression are indicated by circles and show the relationship between each cytokine and 12-month CD4 counts or viral load set points. b-Coefficients that indicate the relationships between cytokine concentrations and 12-month CD4 counts or viral load set points, following adjustment for CD4 counts and viral loads at the same visits as cytokine measurements using multivariate regression, are represented by triangles. Error bars indicate 95% confidence intervals. Cytokines were ranked according to the strength of their associations with 12-month CD4 counts or viral load set point. Significant associations are shown in blue (P , .05). Associations that were significant after adjusting for multiple comparisons are shown in red. G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage-colony stimulating factor; IFN, interferon; IL, interleukin; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein; sCD40L, soluble CD40 ligand; TNF, tumor necrosis factor. correlated positively over time, different women were shedding at different time points during HIV-1 infection. Therefore, shedding was not the cause of sustained cervicovaginal inflammation that was observed in this cohort, and genital inflammation may rather facilitate HIV-1 shedding in individuals who have high plasma viral loads by recruiting HIV-1-infected cells to the genital tract and by promoting viral replication. It was found that elevated CVL cytokine concentrations 6 weeks postinfection were associated with lower blood CD4 counts at the same time point. Blood CD4 depletion may reflect CD4 depletion in the genital tract. This would contribute to genital inflammation by inducing T-cell homeostatic cytokine production [32] , which in turn induces inflammatory cytokine production [33, 34] . In support, T-cell homeostatic cytokines IL-2 and IL-15 were inversely associated with blood CD4 counts before adjusting for multiple comparisons. Therefore, STIs and other factors that are associated with vaginal discharge are likely to be major contributors to cervicovaginal inflammation during early HIV-1 infection, with inflammation exacerbated by HIV-1 replication in the genital tract and the homeostatic response to CD4 depletion. A recent macaque study demonstrated the importance of proinflammatory cytokine production in the genital tract in establishment of productive SIV infection following vaginal inoculation [4] . Wang et al [24] further showed that induction of inflammatory cytokine responses in the genital tracts of macaques prior to vaginal inoculation with SIV was associated with increased plasma viral load set point, suggesting that genital cytokine concentrations at the time of infection may influence disease progression. Similar to macaque studies, it was found in this study that higher levels of cervicovaginal proinflammatory and T-cell homeostatic cytokines during early HIV-1 infection were associated with more rapid HIV-1 disease progression. Additionally, the findings of this study suggest that the association between genital inflammation during early infection and disease progression is partly independent of blood CD4 counts and plasma viral loads measured at the same time points as cytokine concentrations. Although the earliest time point included in this study (6 weeks postinfection) was past viral dissemination to blood, preinfection genital cytokine concentrations correlated with those measured during the first year of HIV-1 infection. Therefore, genital inflammation 6 weeks postinfection may reflect inflammation at the time of infection. Although preinfection genital inflammation may be associated with HIV-1 disease progression, this could not be investigated here as the number of women for whom preinfection samples were available was small (22 of 49 women). Cytokine concentrations measured 6 weeks postinfection (range, 1-13) may, however, be a closer representation of the level of genital inflammation present at the time of HIV-1 infection than were preinfection cytokine concentrations that were measured 36 weeks prior to infection (range, 2-92). Higher concentrations of cervicovaginal inflammatory cytokines at the time of HIV-1 transmission may favor disease progression by recruiting and activating CD4 1 T cells for HIV-1 infection and directly promoting viral replication [4, [9] [10] [11] . These findings suggest that the inflammatory environment in the genital tracts of women who become infected with HIV-1 through sexual transmission may influence disease outcome and that strategies to reduce genital inflammation may slow disease progression.
Notes
